Introduction The present study compares the applicability of CT carotid plaque imaging using effective Z maps using gemstone spectral imaging (GSI) with that of conventional extracorporeal carotid ultrasound (US) and virtual histologyintravascular ultrasound (VH-IVUS). Methods We assessed stenosis in 31 carotid arteries of 30 patients. All patients underwent carotid CTA using GSI (Discovery CT750 HD, GE Healthcare). US and IVUS were examined with 25 and 8 vessels, respectively. We compared the effective Z values at noncalcified carotid plaque with the plaque components identified by US. We defined the plaque with low or low to iso intensity on US as vulnerable plaque and the plaque with iso, iso to high, and high intensity on US as stable plaque. We also performed visual assessment of color-coded effective Z maps in comparison with VH-IVUS and compared effective Z values with plaque components generated by VH-IVUS. Results The effective Z values at noncalcified carotid plaque were significantly lower for a group with vulnerable plaque, than with stable plaque on US (p<0.05). Receiver operating curve analysis showed that AUC of effective Z values was 0.882 concerning the differentiation of these two groups on US. The interpretation of color-coded effective Z maps was essentially compatible with that of VH-IVUS for carotid plaque in all vessels. Effective Z values at noncalcified plaque showed significant negative correlation with the areas of fibro-fatty components generated by VH-IVUS (ρ=−0.874, p<0.05). Conclusion Effective Z maps generated by GSI can detect vulnerable carotid plaque materials.
Introduction
Atherosclerotic carotid artery stenosis is a critical cause of ischemic stroke [1, 2] , and radiological assessment plays an important role in its diagnosis [2, 3] . Plaque vulnerability and luminal patency of the carotid artery must be evaluated to determine suitable therapeutic strategies, such as medication, surgery including carotid endarterectomy (CEA) or carotid artery stents (CAS), and the deployment of protective devices for CAS [4, 5] .
Atherosclerotic carotid plaque comprises calcification, fibrous components, a lipid-rich necrotic core (LRNC), and intraplaque hemorrhage (IPH), and vulnerable plaque is likely to consist of LRNC and IPH rather than calcification and fibrous components [6, 7] . The vulnerability of carotid plaque can be evaluated using extracorporeal ultrasound (US) and virtual histology-intravascular ultrasound (VH-IVUS) [8, 9] . Homogeneous high intensity, low intensity, and acoustic shadows on US indicate fibrous components, LRNC with/without IPH, and calcified plaque, respectively [9] . Intravascular ultrasound generates detailed information about carotid plaque composition on high-resolution images, and VH-IVUS generates color-coded maps of fibrous, fibrofatty, and calcified components, as well as a necrotic core in plaque [8, 10] .
Computed tomography (CT) or CT angiography (CTA) can assess calcified plaque and the degree of stenosis [8, 11, 12] . Although some studies have found that vulnerable plaque can be classified as LRNC, IPH, and fibrous components based on CT numbers (Hounsfield units (HU)) [13] [14] [15] [16] , the ability of CT to visualize and evaluate vulnerable plaque remains controversial.
On the other hand, the Discovery CT750 HD (GE Healthcare, Milwaukee, WI, USA) is a fast-kV switching dualenergy CT with a gemstone detector (gemstone spectral imaging (GSI)) that can generate virtual monochromatic images from 40 to 140 keV and maps of effective atomic numbers (effective Z) from a single scanning [17, 18] . The present study compared CT plaque imaging of carotid artery stenosis using GSI with conventional US and VH-IVUS. To the best of our knowledge, this is the first systematic clinical evaluation of carotid plaque vulnerability using effective Z analysis with GSI.
Materials and methods

Patients
This retrospective study analyzed data obtained from all patients with carotid artery stenosis who were assessed by CTA with GSI (GSI-CTA) at our institution between August 2012 and November 2014. The inclusion criteria comprised assessment by US and/or VH-IVUS and GSI-CTA, intervals among assessments <2 months and stable neurological manifestations or medications at all assessments. Thirty-one vessels in 30 patients (28 men and 2 women; mean age, 69 years; range, 48-92 years) were investigated in the present study. Our institutional review board approved this study and waived the need for written informed consent because of its retrospective design.
CT systems and protocols
Cervical GSI-CTA proceeded after an injection of nonionic water-soluble iodinated contrast material (Omnipaque 350, Daiichi-Sankyo, Tokyo, Japan). The flow rates and volume of contrast material were determined based on a fixed duration (12 s) of the injection and dose tailored to the weight of each patient (252 mg I/kg), followed by a 30-mL saline chaser at the same flow rate. Scan delay was determined using a test bolus method. The test bolus was performed using an additional 10-mL Omnipaque 350 injection followed by a 15-mL saline chaser at the same flow rate as main bolus, during acquisition of a series of dynamic low-dose monitoring scans. Dual-energy CT proceeded using the following parameters: slice thickness, 0.625 mm; rotation speed, 0.5 s; tube voltage, fast-kV switching between 80 and 140 kVp; tube current, 630 mA; pitch 0.984:1; matrix, 512×512. Acquired images were reconstructed with a 50 % adaptive statistical iterative reconstruction blend using STANDARD kernel (a proprietary kernel of GE Healthcare). Virtual monochromatic 40-140 keV images were generated by post-processing, and effective Z maps were created using dedicated GSI viewer software (Advantage Workstation VolumeShare 5, GE Healthcare). Targeted reconstruction (10 cm) proceeded at the carotid bifurcation on each effective Z map. Minimal intensity projection (MIP) images of 70 keV were also acquired to calculate the degree of carotid artery stenosis in each patient.
US and VH-IVUS
Twenty-five vessels in 24 of 30 patients underwent US using Xario XG or Aplio MX (Toshiba Medical Systems, Tokyo, Japan, respectively) with 7.5-MHz linear transducer. Sixteen of 30 patients were assessed by intra-arterial digital subtraction angiography (DSA) immediately before CAS with nonionic water-soluble iodinated contrast medium (Omnipaque 300, Daiichi-Sankyo, Tokyo, Japan). Carotid plaque in eight of these 16 patients was also assessed by VH-IVUS using an Eagle Eye Platinum IVUS catheter and an IVG3 Oracle Imaging System (Volcano Corporation, Rancho Cordova, CA, USA).
Image evaluation
We initially quantified GSI plaque imaging by generating effective Z maps for comparison with US. Regions of interest (ROI) on GSI-CTA source images were defined as areas of hypo-attenuated plaque at the most severe stenotic levels, excluding areas of massive high attenuation that were considered to be due to calcification. Median effective Z values of corresponding slices were measured in each patient. Because the composition of carotid plaque can be estimated from the echolucency on US, we classified plaque as having low echoic lesions or not, which we considered reflected vulnerable and stable plaque, respectively [8, 9] . The effective Z values of carotid plaque were then compared between the groups with low and iso-high echoic plaque.
We assessed differences between the effective Z values of carotid plaque and plaque components generated by VH-IVUS. We generated color-coded effective Z maps by using rainbow color scale ranging from effective Z value=6 to 10 as red to violet, and visually compared consistency between each map and the VH-IVUS findings. These color-coded effective Z map, US, and VH-IVUS were retrospectively interpreted by two neuroradiologists (Y.S. and K.K., with 12 and 5 years of experience in diagnostic neuroradiology), who reached consensus regarding image interpretation. Then, we evaluated a correlation between effective Z values of noncalcified plaque and each plaque components such as necrotic core (red), fibrofatty (yellow-green), and fibrous tissues (green) generated by VH-IVUS.
We also compared the degree of carotid artery stenosis defined by the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria between GSI-CTA and DSA [19] .
Statistical analysis
Differences in effective Z values between patients with low and iso-high echoic plaque and the stenotic ratio between GSI-CTA and DSA were analyzed by the Mann-Whitney U test and Wilcoxon signed-ranks test using SPSS software version 19.0 (SPSS Inc., Chicago, IL, USA), respectively. We analyzed receiver operating curves (ROC) for quantitative effective Z analysis and calculated areas under ROC curves (AUC) using the same software. Correlation between effective Z values and each plaque component on VH-IVUS was also analyzed by the Spearman rank correlation coefficient. Statistical significance was established at p<0.05.
Results
Measurements of hypo-attenuated areas of carotid plaque showed that a significantly lower effective Z value for the group with low echoic plaque, than with iso-high echoic plaque in 25 vessels (p<0.05, Fig. 1 ). The median effective Z values of the low and iso-high echoic groups were 7.59 and 8.37, respectively. The AUC was 0.882 and the presumed cutoff effective Z value required to discriminate low and iso-echoic plaque was 7.885. The interpretation of the color-coded effective Z map was essentially compatible with that of VH-IVUS for carotid plaque in each 8 vessel (Figs. 2 and 3) . The effective Z values of the patients, who had large areas of fibro-fatty components on VH-IVUS, were considerably below (Fig. 2) , whereas those of patients, who had relatively stable plaque with fibrous components on VH-IVUS, were considerably above the cutoff effective Z value (Fig. 3) . Effective Z values at noncalcified plaque showed significant negative correlation with the areas of fibro-fatty tissue generated by VH-IVUS (ρ=−0.874, p<0.05, Fig. 4 ), while effective Z values had no significant correlations with the areas of necrotic core (ρ=0.204, p=0.629) and fibrous tissue (ρ=−0.167, p = 0.693). Stenotic ratios did not significantly differ among 16 patients who were assessed by both GSI-CTA and DSA (p=0.490).
Discussion
Cervical CTA is a reliable and relatively noninvasive way of evaluating carotid artery stenosis, and recent technical development of CT leads to high image quality and dose reduction [8, 11, 12, 20] . Moreover, novel fast-kV switching dualenergy CTA with gemstone detector enables more precise evaluation of the degree of stenosis than conventional CTA even when plaque is extremely calcified [21, 22] . Here, we compared the abilities of GSI-CTA, conventional US, and VH-IVUS to assess carotid plaque material. The results showed that effective Z values can differentiate vulnerable from stable atherosclerotic carotid plaque.
The material decomposition of individual voxels is assessed by GSI using X-ray energy at 80 and 140 kVp, based on the fact that mass attenuation coefficients differ according to the type of material and photon energy (keV) [17, 18] . Several investigators have clinically applied GSI to determine the composition of renal stones [23] , to distinguish calcification from intraluminal vessel contrast [21, 24] and acute intracerebral hemorrhage from iodine extravasation [25] , to reduce metal artifacts [26, 27] , and to discriminate benign from Fig. 1 Effective Z values of carotid plaque. Difference in effective Z values of hypo-attenuated carotid plaque between low and iso-high echoic groups on US. Effective Z value is significantly lower in low than in iso-high echoic group (p<0.05) malignant tumors [28] . In terms of the carotid artery plaque, the size of the calcified plaque is changing depending on the energy levels on dual energy CT [22, 29] . In addition, a recent article reported that dual-energy CT has optimal energy levels Fig. 2 Left internal carotid artery stenosis in a 73-year-old man. Axial monochromatic image at 70 keV generated by GSI-CTA (a) reveals moderate left internal carotid artery stenosis. Color-coded effective Z map on GSI-CTA shows that most stenotic carotid plaque has large area with low effective Z value (<7, pink or red), indicating vulnerable plaque with lipid-rich core (b). Vulnerable plaque with fibro-fatty (yellow-green) (c) is also evident on VH-IVUS image and supports interpretation of color-coded effective Z map on GSI-CTA Fig. 3 Right internal carotid artery stenosis in a 76-year-old man. Axial monochromatic image at 70 keV generated by GSI-CTA (a) reveals extreme right internal carotid artery stenosis. Color-coded effective Z map on GSI-CTA shows that low-attenuated carotid plaque (other than massive calcified plaque) contains large area with high effective Z value (>8, blue or violet), indicating stable plaque with fibrous component (b). Plaque mainly comprises stable fibrous component (green) and calcification (white) (c) on VH-IVUS images and supports the interpretation of the color-coded effective Z map on GSI-CTA for detectability and accuracy for measuring size of calcified plaque [29] . To the best of our knowledge, there are few reports that assessed the carotid plaque vulnerability using dualenergy CT, and the present study is the first systematic clinical evaluation of carotid plaque vulnerability using effective Z analysis with GSI.
The ability to determine the effective atomic number (effective Z) of individual voxels is one of the advantages of GSI [30] [31] [32] . Effective Z is a concept derived from atomic numbers that is widely applied as a quantitative index of the energy characteristics of materials generated by dual-energy imaging. If the mass attenuation coefficient of one compound is equal to that of a second compound with a known atomic number, then the known atomic number is applied to the effective Z number of the first compound. A basic study has shown that applying the material decomposition technique using dual-energy CT enables the differentiation of major physiological components by measuring effective Z values, and the estimation of effective Z using GSI is reasonably accurate [30] [31] [32] .
The main histopathological components of carotid plaque comprise lipid, necrotic core, hemorrhage, fibrous components and calcification, and plaque that predominantly consists of LRNC and LRNC with IPH is called vulnerable plaque [6, 7] . Since the known effective Z value of fatty components is lower than that of muscle, soft tissue, and bone [30, 32] , the significantly low effective Z values for carotid plaque determined in the present study indicated vulnerable plaque containing a large amount of LRNC. In addition, the favorable correlation between color-coded effective Z maps generated by GSI-CTA and VH-IVUS support the notion that colorcoded effective Z maps can reflect the histopathological varieties of carotid plaque components, especially fibro-fatty tissue. On the other hand, an effective Z value for acute hemorrhage, including IPH itself, has not yet been published. Some reports suggest the importance of detecting IPH by imaging because IPH is closely associated with prior and recurrent ischemic events [33, 34] . Although the effective Z value of IPH may be essentially the same as that for fat, or it may be greatly affected by a background of low effective Z value for fat since IPH usually occurs within the LRNC, further comparative studies of effective Z maps and carotid endarterectomy specimens are needed to clarify whether or not effective Z maps can distinguish between LRNC with and without IPH.
Conventional multidetector CT can differentiate carotid plaque composition based on CT attenuation (HU) [13] [14] [15] [16] . The histopathological characteristics of carotid plaque such as lipid core, fibrous components, and calcification closely correlate with CT attenuation, and these components can be differentiated by determining cutoff CT numbers [13] . However, this method has some drawbacks from a theoretical perspective. The CT number of each voxel is determined by its mass attenuation coefficient and material density. Therefore, the CT number of each voxel could overlap various material components depending on the density of the material because the mass attenuation coefficient is determined by the type of material and the energy level of radiation. Furthermore, CT images with polychromatic 120-kVp imaging cannot resolve the problem of beam hardening artifacts arising from highly attenuated materials such as calcified plaque or intraluminal iodine [21, 22] . These drawbacks might be overcome by GSI together with dual-energy CT-based monochromatic imaging and effective Z maps, as shown here and by previous studies. Which of monochromatic imaging-based CT carotid plaque imaging including effective Z maps and polychromatic image-based CT plaque imaging using cutoff CT values can more reliably evaluate the composition of carotid plaque remains to be determined. Recently, Saba L et al. reported that carotid plaque imaging using cutoff CT values on dualenergy CT should be performed according to the energy level applied, because the CT numbers of carotid artery plaque can significantly change depending on the selected energy levels [15, 16] .
The degree of stenosis is an important clinical factor that influences therapeutic decision-making for patients with carotid artery stenosis [1] [2] [3] . Although DSA is the gold standard for investigating carotid artery disease, CTA is now widely used to evaluate the luminal patency of the carotid artery because it is noninvasive and reliable [8, 11, 12] . The present study found comparable degrees of stenosis on GSI-CTA and DSA. Therefore, GSI-CTA confers the advantage of simultaneous assessment of the degree of luminal patency and plaque composition from a single image. The small patient cohort is a study limitation. The evaluated that cross-sectional images might differ slightly between effective Z maps and VH-IVUS because cross-sectional views of VH-IVUS are somewhat based on a stretched vessel view, although we tried to adjust these cross-sectional images to the narrowest level. In addition, we traced each noncalcified plaque manually for measuring effective Z value so that it might generate slight errors. More sophisticated image registration and automated plaque segmentation methods [35, 36] as well as larger-scale comparisons with histopathological specimens are needed to validate the reliability of GSI-based CT carotid plaque imaging.
Conclusion
Effective Z maps generated by GSI can detect vulnerable carotid plaque materials, and carotid GSI-CTA can assess degrees of stenosis and carotid plaque composition in a single image. This provides useful information for neurosurgeons and neuroradiologists to determine appropriate strategies for treating carotid artery stenosis.
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